The steady flow of an incompressible viscous non-Newtonian electrically conducting fluid and heat transfer due to the rotation of an infinite disk are studied considering the Hall effect. The effects of an externally applied uniform magnetic field, the Hall current, and the non-Newtonian fluid characteristics on the velocity and temperature distributions as well as the heat transfer are considered. Numerical solutions of the nonlinear equations which govern the magnetohydrodynamics (MHD) and energy transfer are obtained over the entire range of the physical parameters.
Introduction
The pioneering study of fluid flow due to an infinite rotating disk was carried out by von Karman in 1921 [21] . He gave a formulation of the problem and then introduced his famous transformations which reduced the governing partial differential equations to ordinary differential equations. Cochran [8] obtained asymptotic solutions for the steady hydrodynamic problem formulated by von Karman. Benton [7] improved Cochran's solutions and solved the unsteady problem. The hydromagnetic flow of a Newtonian conducting fluid above a rotating disk with and without the Hall effect has been considered by many authors [1, 4, 6, 10, 11] . In all of the above studies the fluid is assumed to be Newtonian. The steady flow of a non-Newtonian fluid due to a rotating disk with uniform suction was considered by Mithal [15] . The solutions obtained were valid for small values of the parameter which describes the non-Newtonian behaviour. Srivastava [18] extended the problem to the case where the flow is between two infinite disks; one of which is rotating and the other of which is at rest. The hydromagnetic flow of a conducting non-Newtonian fluid due to the uniform rotation of an infinite disk in the presence of a uniform magnetic field was studied by Andersson and de Korte [3] who assumed that Hall currents were negligible.
The problem of heat transfer from a rotating disk maintained at a constant temperature was first considered by Millsaps and Pohlhausen [14] for a variety of Prandtl numbers in the steady state. Sparrow and Gregg [17] studied the steady-state heat transfer from a rotating disk maintained at a constant temperature to fluids at any Prandtl number. Later, many authors studied the heat transfer near a rotating disk considering different thermal conditions [5, 12, 13, 16, 20] .
In the present work, the steady MHD laminar flow and heat transfer of a viscous, electrically conducting, incompressible and non-Newtonian Reiner-Rivlin fluid due to the uniform rotation of a disk of infinite extent is studied taking the Hall effect into consideration. An external uniform magnetic field is directed perpendicular to the disk and the induced magnetic field is neglected by assuming that the magnetic Reynolds number R em 1 [9, 19] . The temperature of the disk is impulsively changed and then maintained at a constant value. The governing nonlinear differential equations are solved numerically using finite differences. The effects of the applied uniform magnetic field, the Hall current, and the characteristics of the non-Newtonian fluid on the unsteady flow and heat transfer are presented and discussed.
Basic equations
Let the disk lie in the plane z = 0 and the space z > 0 be equipped by a viscous, incompressible, conducting and non-Newtonian Reiner-Rivlin fluid. The disk is rotating with a constant angular velocity ! about the line r = 0 and an external uniform magnetic field is applied perpendicular to the plane of the disk which has a constant magnetic flux density B 0 . The magnetic Reynolds number is assumed to be very small, so that the Hall effect cannot be neglected [9, 19] . The fluid motion is governed by [4, 6, 15] Here c is a constant and Þ is a sufficiently small constant. The Reiner-Rivlin model is a simple model which can provide some insight into predicting the flow characteristics and heat transfer performance for viscoelastic fluid above a rotating disk. The first term in the right-hand side of (2.5) represents the viscous property of the fluid and the third term represents the elastic property of the fluid. We introduce the von Karman transformations [21] ,
where is a non-dimensional distance measured along the axis of rotation, F; G; H and P are non-dimensional functions of , and ¹ is the kinematic viscosity of the fluid, ¹ = ¼=². We define the magnetic interaction number by = ¦ B 2 0 =²! which represents the ratio between the magnetic force to the fluid inertia force. With these definitions, (2.1)-(2.5) take the form
where the prime denotes differentiation with respect to and K is the parameter that describes the non-Newtonian behaviour, K = ¼ c !=¼. The boundary conditions for the velocity problem are given by
Equation (2.10a) indicates the no-slip condition of a viscous flow applied at the surface of the disk. Far from the surface of the disk, all fluid velocities must vanish aside the induced axial component as indicated in (2.10b). The above system of (2.6)-(2.8) with the prescribed boundary conditions given by (2.10) are sufficient to solve for the three components of the flow velocity. Equation (2.9) can be used to solve for the pressure distribution if required.
Due to the difference in temperature between the wall and the ambient fluid, heat transfer takes place. The energy equation, neglecting the dissipation terms, takes the form [17] 
The boundary conditions for the energy problem are that the temperature, by continuity considerations, equals T w at the surface of the disk. At large distances from the disk, T tends to T ∞ , where T ∞ is the temperature of the ambient fluid.
In terms of the non-dimensional variable Â = .T − T ∞ /=.T w − T ∞ / and using the von Karman transformations, (2.11) takes the form
where Pr is the Prandtl number given by Pr = c p ¼=k. The initial and boundary conditions are expressed in terms of Â as
The heat transfer from the disk surface to the fluid is computed by application of an Fourier's law
Introducing the transformed variables, the expression for q becomes
By rephrasing the heat transfer results in terms of a Nusselt number defined as N u = q √ ¹=!=k.T w − T ∞ /, the last equation becomes
The system of non-linear equations (2.6)-(2.8) and (2.12) is solved numerically under the conditions given by (2.10) and (2.13) using a marching technique and by applying the Crank-Nicolson implicit method [2] . The resulting system of difference equations has to be solved in the infinite domain 0 < < ∞. A finite domain in the -direction can be used instead with chosen large enough to ensure that the solutions are not affected by imposing the asymptotic conditions at a finite distance. The independence of the results from the length of the finite domain and the grid density was ensured and successfully checked by various trial and error numerical experimentations. Computations are carried out for ∞ = 10 which is found adequate for the ranges of the parameters studied here. It should be pointed out that the steadystate solutions reported by Aboul-Hassan and Attia [1] may be reproduced by setting K = 0 in the present results. Also, the results obtained here coincide with the steadystate results approached in [6] for the case of zero suction. These comparisons lend confidence to the correctness of the solutions presented in this paper. 
Results and discussion
The Hall parameter m appears in the magnetic force terms and its contribution is proportional to .
For small values of m, the effect of m on the numerator is stronger than its effect on the denominator. A small positive value of m decreases the magnetic damping on F and increases the magnetic damping on G, thus increases F and decreases both G and H (as follows from the continuity equation). A small negative value of m decreases F and increases both G and H . For large positive values of m, the factor .F − mG/ may turn out to be negative and the magnetic field has a propelling effect on F, which may exceed its hydrodynamic value and thus the value of H is below its hydrodynamic value. For such large values of m the effect on G is due mainly to the factor 1=. which becomes very small and produces an increase in G. For large negative values of m the argument is reversed. The magnetic damping on F is reduced due to the decrease in 1=.1 + m 2 /. Thus F increases but is still less than its hydrodynamic value, and consequently H decreases but is more than its hydrodynamic value. The factor .G + m F/ may become negative and this pushes G above its hydrodynamic value, and thus the magnetic field has a propelling effect on G. For very large positive or negative values of m the magnetic force term decreases considerably and the limit m = +∞ or −∞ corresponds to the hydrodynamic limit. Figure 1 presents the value of the azimuthal velocity component G as a function of for various values of the parameters K , and m. Increasing the parameter K increases G for all values of and m. Comparing Figures 1 (a) and (b) indicates that increasing decreases G for all values of K and its effect becomes more pronounced [8] Figure 2 (a) shows that the effect of K on F depends on . Increasing K decreases F for small values of and then increases it as increases. This accounts for a crossover in the F-charts for various values of K . Also, the effect of K on F is more apparent for small values of . 
Conclusions
In this paper the steady MHD flow of a non-Newtonian fluid due to the uniform rotation of an infinite disk was studied considering the Hall effect. The effects of the uniform magnetic field, the Hall current and the non-Newtonian fluid characteristics on the velocity and temperature distributions were considered. In the absence of the magnetic field, it is found that the effect of K on the radial flow depends on which accounts for a crossover of the F-charts with K . The magnetic field prevents the occurrence of this crossover and leads to a reversal of the direction of the radial and axial flows for larger values of K and all . Negative values of the Hall parameter reverse the direction of the radial and axial flow for all for the non-Newtonian case (K > 0) and for some for the Newtonian case (K = 0). On the other hand, for large values of K , positive values of the Hall parameter reverse the radial flow direction for some and the axial flow direction for all . Changing the Hall parameter reverses the direction of the axial velocity at infinity for any value of K , while such a reversal occurs many times for large values of K . Small values of the Hall parameter have a great effect on controlling the heat transfer from the surface of the disk for all values of the parameter K . It is of interest to see the reversal of the sign of F .0/ for some values of the parameters m and K .
